Haemophilus ducreyi, the etiologic agent of chancroid, expresses variants of several key virulence factors. While previous reports suggested that H. ducreyi strains formed two clonal populations, the differences between, and diversity within, these populations were unclear. To assess their variability, we examined sequence diversity at 11 H. ducreyi loci, including virulence and housekeeping genes, augmenting published data sets with PCR-amplified genes to acquire data for at least 10 strains at each locus. While sequences from all 11 loci place strains into two distinct groups, there was very little variation within each group. The difference between alleles of the two groups was variable and large at 3 loci encoding surface-exposed proteins (0.4 < K S < 1.3, where K S is divergence at synonymous sites) but consistently small at genes encoding cytoplasmic or periplasmic proteins (K S < 0.09). The data suggest that the two classes have recently diverged, that recombination has introduced variant alleles into at least 3 distinct loci, and that these alleles have been confined to one of the two classes. In addition, recombination is evident among alleles within, but not between, classes. Rather than clones of the same species, these properties indicate that the two classes may form distinct species.
Haemophilus ducreyi is a Gram-negative coccobacillus in the family Pasteurellaceae (2) and the causative agent of chancroid, a sexually transmitted, genital ulcer disease which facilitates transmission of HIV-1 (12, 14, 23, 44) . While H. ducreyi was placed in the polyphyletic genus Haemophilus due to its requirement for hemin, Haemophilus species do not form a cohesive group within the Pasteurellaceae (6, 20) . The species that are most closely related to H. ducreyi include Actinobacter pleuropneumoniae and Nicoletella semolina (see Fig. S1 in the supplemental material) (16) .
Previous attempts to examine the diversity within the species H. ducreyi using immunotyping (36) and outer membrane profiling (32) showed very few differences among strains. Molecular analyses showed some differences, e.g., ribotyping of strains from two outbreaks yielded multiple restriction fragment length polymorphism (RFLP) patterns (19) , but designations based on these differences have not been widely adopted or used for epidemiologic studies, in part due to the difficulty in culturing this fastidious organism. The lack of a standard typing system makes epidemiologic studies more difficult, and epidemiologic data for chancroid are therefore limited.
One way to study diversity in H. ducreyi is to assess its population structure. Whereas the lack of recombination in some bacterial species generates stable clones (5), others recombine sufficiently rapidly to obscure clonal relationships (10, 11) . While many Haemophilus species are naturally competent, H. ducreyi is considered nontransformable due to defects in the DNA uptake apparatus (16, 34) . This would likely decrease rates of recombination and generate stable clones. Initial studies of the clonal structure of H. ducreyi showed limited diversity in specific outer membrane components, including DsrA, DltA, NcaA, Hlp, MOMP/OmpA2, and lipooligosaccharide (45) . The DNA sequences and immunoreactivity suggested that H. ducreyi formed two potentially clonal populations, termed class I and class II, a division supported by proteomic studies (33) . However, the relationships between the two classes are entirely unclear, as genetic differences were assessed only at loci encoding surface-exposed antigens. These loci experience positive and diversifying selection, leading to levels of diversity that are not shared by the majority of genes in the genome (24) . It is not clear if these two classes represent two distinct clonal populations of H. ducreyi whose genotypic similarities reflect recent periodic selection (25) or two recombining populations whose similarities reflect recent, locus-specific selective sweeps (18) . Here we examine the relationships among H. ducreyi strains using sequences of 11 genes, including five genes that encode cytoplasmic or periplasmic proteins and one that encodes a vaccine candidate. This provides a rich data set with which to perform multilocus sequence analysis (41) .
MATERIALS AND METHODS
Strains and culture conditions. Strains were cultured on chocolate agar supplemented with 1% IsoVitaleX. Strains were revived from frozen stocks, incubated at 33 to 35°C with 10% CO 2 for 24 h, and subcultured no more than once prior to PCR.
PCR and sequencing. Sequences of the lspA2, murC, ncaA, pal, recA, and wecA loci were obtained from fragments amplified by PCR using the following primers: lspA2, 5Ј-AAGTTTCAGCAAGAGCGGC-3Ј and 5Ј-TATTGGCTGCAAGCTC TG-3Ј (43); murC, 5Ј-GGCATTGCCGAAGTGTTATT-3Ј and 5Ј-TATGATGG CCCGGTACATTT-3Ј; ncaA, 5Ј-GGTTGATTATGTCGAATAATTTG-3Ј and 5Ј-CTAAGCGCGTAAAAATTCGATG-3Ј (45); pal, 5Ј-AGTAGTTCATCAG GTAAAACAGATG-3Ј and 5Ј-AAATTAGTACTCTAATACTGCACGG-3Ј (40); recA, 5Ј-CATTATGGCAGCGGATAAAAA-3Ј and 5Ј-TCCTCAAACGC TTCATCAAA-3Ј; wecA, 5Ј-CCGGAATCACCCATAAACAC-3Ј and 5Ј-GATA TGCGTTTGCCTTGGTT-3Ј. The specific locations of amplified regions relative to the indicated gene are indicated in Fig. S2 in the supplemental material. Genomic DNA was obtained using GeneReleaser according to the manufacturer's instructions. Sequencing was done at the University of Iowa DNA Facility, Eurofins MWG Operon, or the Yale University DNA Analysis Facility. All other sequences were obtained from NCBI as follows: dsrA (AF187001-AF187009, AY606120-AY606127, AY612644), sapA (HQ630266-HQ630274), fgbA (HQ630257-HQ630265), hgbA (AY606114-AY606118, AY603046-AY603049), mtrC (HQ712073-HQ712081), and ncaA (AY606128-AY606130, AY612645-AY612647). Sequences for strain 35000HP were obtained from its genomic sequence (NC_002940).
Genome sequences. The sequences of Bacillus anthracis Ames (NC_003997), Bacillus cereus 03BB102 (NC_012472), Bordetella pertussis Tahoma I (NC_002929), Bordetella parapertussis 12822 (NC_002928), Escherichia coli O157:H7 Sakai (NC_002695), Haemophilus ducreyi 35000HP (NC_002940), Klebsiella pneumoniae 342 (NC_011283), Klebsiella variicola At-22 (NC_013850), Mycobacterium tuberculosis H37Ra (NC_009525), Mycobacterium bovis BCG (NC_008769), Shigella dysenteriae Sd197 (NC_007606), Yersinia pestis CO92 (NC_003143), and Yersinia pseudotuberculosis YIPIII (NC_010465) were downloaded from the NCBI database. The genes were identified using the accompanying annotation.
Computational analyses. DNA sequence alignments were performed using MUSCLE (8) . Substitution rates were calculated using the method of Li et al. (26) . Mean substitution rates between entire genomes were calculated as weighted averages of synonymous substitution rate (K S ) values for orthologues. Orthologues were identified as reciprocal best matches in BLAST searches, requiring at least 80% sequence identity. Codon usage bias was calculated as Karlin's E (22) , using all genes to represent mutational bias and Sharp's set of 40 translational genes (37) to represent the endpoint of codon selection. Phylogenies were calculated by the Dollo parsimony method (9) or by the maximum likelihood method using PhyML (17) .
Nucleotide sequence accession numbers. Sequences generated by this study (Table 1 ) have been deposited in GenBank and assigned accession numbers JF806363 to JF806413.
RESULTS
Two classes of strains. The sequences of multiple class I and class II strains of H. ducreyi were previously published for the dsrA and hgbA genes (45) . For the ncaA gene, the sequences for six class II strains were available (45) , whereas a sole class I sequence was provided by the genome sequence of strain 35000HP (4). To expand this data set, we determined the sequences of the wecA, pal, murC, lspA2, and recA loci for 9 class I and class II strains and the ncaA locus for 6 class I strains of H. ducreyi (Table 1 ). This data set was further augmented by the sequences of the mtrC, sapA, and fgbA genes (3, 29, 35) , kindly provided by Margaret Bauer. Thus, the total data set included sequences at 11 unlinked loci for at least 10 strains with broad global distributions ( Table 1 ). This number exceeds the standard of 7 loci used in conventional multilocus sequence typing (41) and is thus sufficient to illuminate the overall relationships among these strains.
Multiple alignments of the 11 genes provided a total of 10,757 sites, of which 10,122 (94.1%) were invariant ( Table 2 ; Fig. 1 ). The 635 variant sites included 595 sites (93.7%) which solely distinguished class I strains from class II strains, wherein strains were monotypic within each class at these sites. Of the 595 sites, 332 occurred in the dsrA gene and 263 were distributed in the other 10 genes. Twenty-seven of the other 40 variant sites occurred in the dsrA gene, and 13 were distributed across the wecA, recA, sapA, murC, mtrC, and hgbA genes. The pal, fgbA, lspA2, and ncaA genes lacked any variant sites beyond those that distinguished class I strains from class II strains ( Fig. 1) .
Each of the 11 genes supports the division of strains into two classes ( Fig. 1) . A parsimony tree was constructed using the 276 variant and informative sites at 10 loci, excluding the dsrA locus (see below). This tree shows strong separation of the two classes with very little homoplasy (Fig. 2) . The consistency index of the tree is 0.997 with only a single site showing a reversion. Moreover, class identity is preserved across all loci; in no case did a strain belong to one class at one locus and a different class at another locus, suggesting that gene flow between class I and class II strains is very low. Total variation within the classes is small (2 steps and 5 steps for class I and II, respectively) ( Fig. 2A ) compared to the discrimination between the classes (263 steps) (Fig. 2B ). Since members of each 
class were isolated over multiple decades and across multiple continents (Table 1) , neither represents a single outbreak. Rather, the lack of variability within each class is consistent with recent periodic selection events purging variant alleles within each class. Variation in levels of diversity. While alleles at all 11 loci examined distinguish between class I and class II strains ( Fig.  1 and 2 ), the magnitude of this difference varies between genes ( Table 2) . Previously published data showed large differences between class I and class II alleles at the dsrA and ncaA (45) loci. Inspection of Table 2 shows that these genes, as well as the lspA2 locus, have unusually high levels of divergence at both synonymous (K S ) and nonsynonymous (K A ) sites. In contrast, the majority of genes showed more modest differences between the classes, with divergence at synonymous sites being 10-fold lower for genes encoding cytoplasmic or periplasmic proteins than for the three aforementioned genes which encode surface-exposed proteins.
If high divergence between class I and class II strains at the lspA2, ncaA, and dsrA genes were the result of a relaxation of selection, one would expect comparable divergence at synonymous (K S ) and nonsynonymous (K A ) sites (30) . Similarly, if the high divergence were due to positive selection acting on spontaneous mutations, K A would increase without a commensurate increase in K S (47) . However, since both K A and K S were elevated, and the K A /K S ratios of these genes are very similar to those of genes with low divergence, we posit that recombination has introduced variant alleles into class I, class II, or both sets of strains from a more distantly related donor. This is not surprising, as recombination is a common source of variant alleles at genes encoding surface-exposed proteins which are subject to positive, diversifying, or frequency-dependent selection (24, 46) .
Recombination with the dsrA gene of strain 35000HP. The 910 aligned sites within the dsrA genes include 359 variant positions, 332 of which simply distinguish class I and class II strains. These sites are distributed across the length of the aligned region (Fig. 3, class A sites) . The other 27 sites fall into 4 classes, all but one of which distinguish strain 35000HP from other class I strains. Notably, 25 of 26 of these sites are significantly clustered between bases 157 and 567 in the central region of the dsrA gene (P ϭ 1.6 ϫ 10 Ϫ7 ; 2 test, 1 df). There is no enrichment for class A sites in this region. Setting aside the possibility that the 35000HP genome sequence data are of very poor quality at this locus in this region, the data strongly suggest that recombination has introduced the variant sites into the 35000HP dsrA allele. It is for this reason that we excluded dsrA sequences when constructing phylogenies (Fig.  2) . Given that the difference between the 35000HP alleles and other class I alleles is modest relative to the difference between alleles in class I and class II strains (Fig. 2) , the data suggest that variability exists within class I strains and that class I strains do recombine with each other. Therefore, class I and class II strains do not represent strictly clonal groups. Recombination may not be detectable among other class I strains owing to the paucity of variation among them.
Rearrangements. Beyond the substitutions outlined above, four of the loci examined herein show rearrangements between class I and class II alleles. The lspA2 gene shows a 184-bp insertion/deletion between class I and class II alleles. This could represent a recombination event, either from externally acquired DNA or an internal rearrangement of the chromosome. LspA1, LspA2, and LspB are used by H. ducreyi to avoid phagocytic uptake and are critical virulence factors (42) . The LspA1 and LspA2 predicted protein sequences are 86% identical to each other (43) . The sequence amplified here for lspA2 represents an area of the gene unique to the lspA2 class I allele in 35000HP. Although class II lspA2 sequences are more similar to class I lspA2 sequences than they are to the class I lspA1 gene, only a complete genome sequence will confirm the orthology of this gene. Second, the fgbA gene, which encodes another surface-exposed product, shows two in-frame insertion/deletion events of 174 and 21 bp (58 and 7 residues). Third, the ncaA alleles are homologous only at the extreme 3Ј end. The entirely different 5Ј portions of the class I and class II genes reflect illegitimate recombination with an unknown donor. Lastly, the 5Ј ends of the dsrA alleles are also quite different, again bespeaking illegitimate recombination. An addi- tional 1-bp deletion is evident in the coding region of the mtrC gene of the class II strain 6644. In all cases, the recombinant regions were excluded from the calculations of substitution rates reported in Table 2 . The appearance of these complex variants in genes encoding surface proteins supports the hypothesis that the encoded proteins experience selection for these differences.
DISCUSSION
Variant lineages were created by recombination. Although the data set presented herein is limited to a few strains, it does shed significant light on the relationships between class I and class II strains of H. ducreyi. The 11 loci around the H. ducreyi chromosome fall into two groups: the sapA, wecA, pal, mtrC, murC, recA, fgbA, and hgbA genes have low diversity, with an average K S between class I and class II strains of 0.052 (Table   2 ). In contrast, the unlinked lspA2, ncaA, and dsrA genes are much more divergent, with an interclass K S ranging from 0.42 to 1.22. The data are consistent with two scenarios (see Fig. S3 in the supplemental material). First, one may consider the two classes to be very closely related, whereby the low-diversity genes would typify the genetic differences between the strains. Here, multiple recombination events with outside strains introduced variant alleles into the genes encoding surface-exposed proteins. Alternatively, the H. ducreyi classes may be quite different, with the dsrA, lspA2, and ncaA genes being typical of other chromosome genes. Here, the similarity at the remaining genes would indicate recent recombination between the two classes at these loci. We reject this alternative since the high variation in K S values among high-diversity genes is more consistent with recombination with a variety of sources than with high intragenomic variation in substitution rates. While such variation could result from strong variability in levels of Table 2. 2944 RICOTTA ET AL. J. BACTERIOL.
codon selection among genes (38, 39) , these genes do not encode functions which show strong codon selection (37) , and genes with high and low K S values are similarly weakly biased (Table 2) . Therefore, we conclude that the two classes are relatively closely related, with variant alleles having been introduced by lateral transfer. While recombination could occur at any locus, recombinants would most likely be detected at loci experiencing strong selection for variant alleles, such as those encoding exposed proteins interacting with the immune system. Recombination need not have occurred at all loci encoding surface-exposed proteins (e.g., the hgbA gene). Given the rate of synonymous substitution of 1% per million years (28, 31) , the two classes diverged ϳ5 million years ago, predating the separation of the human and chimpanzee lineages (21) . Are H. ducreyi classes different species? The data described above suggest that H. ducreyi classes are genotypically distinct and that recombination is not evident between the classes, while recombination is evident within class I. These properties have been used to delineate different bacterial species (7) . It is currently not clear if class I and class II strains are phenotypically distinct in a significant manner; additional genome sequencing of a class II strain would shed light on this question. If so, then the two classes of H. ducreyi may form two distinct species, rather than simply forming two clonal groups. When genes affected by recombination with outside genomes (dsrA, ncaA, lspA2) are ignored, the average divergence at synonymous sites between class I and class II strains of H. ducreyi is 0.052 (Table 2 ). While this difference is modest when considering nonpathogenic species, different species of pathogens are often quite similar to sibling species, as significant phenotypic differences in pathogenicity or host range motivate the taxonomic distinction. For example, Mycobacterium tuberculosis is very closely related to M. bovis, with an average K S of only 0.003 (Table 3) . The difference between the two classes of H. ducreyi is more than 10 times that amount. There are a number of pathogens which are more closely related to sibling species than the two H. ducreyi classes are to each other ( Table 3 ). The long time of separation (5 million years) for this sexually transmitted species also suggests that the two classes of strains may have different lifestyles. A complete genome sequence of a class II strain will assist in the identification of other loci which distinguish these two taxonomic groups.
Epidemiologic typing of H. ducreyi. Analysis of clonal complexes or clusters typically involves examination of a set of 7 genes under neutral selective pressure using multilocus sequence analysis (MLSA) (15, 41) . The inclusion of multiple loci prevents one's conclusions from being influenced to a high degree by unusual evolutionary events that may affect an individual gene. Because six of the genes presented here (dsrA, hgbA, ncaA, fgbA, pal, and lspA2) encode gene products that interact with the host, they may experience selective pressures atypical of the genome as a whole. Therefore, we expanded the conventional data set of 7 genes to a total of 11 genes, including genes encoding cytoplasmic and periplasmic proteins. Within this expanded data set, all 11 genes supported the same population structure: H. ducreyi strains partition into two, wellseparated groups, with no evidence of recombination between them. Thus, this set, or even a subset, of genes would allow for reliable differentiation of clinical isolates and make strain typing for epidemiologic studies more feasible. Among the 11 genes analyzed here, recA, sapA, wecA, mtrC, and murC encode periplasmic or cytoplasmic proteins that are likely to experience little selective pressure from the host and would be most reliable in predicting the class to which a novel strain of H. (27) , eliminating the need for culturing this fastidious organism. Moreover, the lack of recombination increases the clarity of class identification, allowing fewer loci to be used to achieve accurate typing. Impact of diversity on vaccine development. The segregation of H. ducreyi strains into two distinct classes affects strategies of vaccine development. Potential vaccines must offer protection against both classes, yet the differences between them will likely complicate the process of developing a single vaccine. For example, a monovalent HgbA vaccine has shown promise in a pig model, where immunization with class I HgbA (HgbA I ) and Freund's adjuvant provided protection against a challenge with class I strains (1). However, immunization with HgbA I and monophosphoryl lipid A, an adjuvant approved for use in humans, resulted in protection against class I strains but not class II strains (13) . This is not surprising, given the differences in the HgbA sequences in class I and II strains (45) . Genes encoding surface proteins show large differences between class I and class II strains, including substitutions and insertion/deletion events, which can alter or eliminate epitopes. If the restriction of alleles to either class I or class II strains that we observe can be generalized to the entire genome, as suggested above, then development of a single vaccine that is maximally efficacious for both classes may be difficult or impossible to achieve. Table 2 with aberrantly high K S values.
